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The origin and developmental pathway of intestinal
T cell receptor ab+ CD4CD8b intraepithelial lym-
phocytes (unconventional iIELs), a major population
of innate-like resident cytolytic T cells, have remained
elusive. By cloning and expressing several TCRs
isolated from unconventional iIELs, we identified
immature CD4loCD8lo(DPlo)CD69hiPD-1hi thymocytes
as the earliest postsignaling precursors for these
cells. Although these precursors displayed multiple
signs of elevated TCR signaling, a sizeable fraction
of them escaped deletion to selectively engage in un-
conventional iIEL differentiation. Conversely, TCRs
cloned from DPloCD69hiPD-1hi thymocytes, a popula-
tion enriched in autoreactive thymocytes, selectively
gave rise to unconventional iIELs upon transgenic
expression. Thus, the unconventional iIEL precursor
overlaps with the DPlo population undergoing nega-
tive selection, indicating that, concomitant with the
downregulation of both CD4 and CD8 coreceptors,
a balance between apoptosis and survival signals re-
sults in outcomes as divergent as clonal deletion and
differentiation to the unconventional iIEL lineage.
INTRODUCTION
In addition to conventional TCRab+ CD4+ or CD8+ resident
effector cells, whose origin and antigen specificity are well
understood, the intestinal epithelium harbors unique and abun-
dant innate-like cytolytic lymphocytes that include not only
TCRgd+CD4CD8b cells but also a prominent population of
TCRab+CD4CD8b lymphocytes called unconventional iIELs
(Cheroutre et al., 2011). Together with the recently identified
ILC1 subset, these innate-like populations represent long-lived
resident lineages that express a conspicuously similar program
dominated by the expression of the transcription factor Tbet,
expression of natural killer (NK) cell receptors, and interleukin-
15 (IL-15)-regulated homeostasis or function (Fuchs et al.,
2013). Although there is no complete understanding of the indi-
vidual capabilities of each iIEL subset, their similar gene expres-sion programs suggest largely overlapping functions that include
homeostatic crosstalk with intestinal epithelial cells through the
expression of the herpesvirus entry mediator (HVEM)-receptor
CD160, and with microbiota and diet through the expression of
the aryl hydrocarbon receptor (Ahr) (Li et al., 2011; Shui et al.,
2012). They can be rapidly activated in various microbial infec-
tions, where they are thought to function independently of
MHC-peptide ligands through various cytolytic stress-specific
NK-lineage receptors (Guy-Grand et al., 1996). They can also
promote repair and regeneration of the epithelium through the
secretion of various growth factors, and they can directly kill in-
testinal bacteria through the release of antimicrobial peptides
(Boismenu and Havran, 1994; Ismail et al., 2011). Although these
striking properties of mucosal host defense have been well
described, the origin and development of these innate-like iIEL
lineages have remained elusive.
This is particularly vexing in the case of the TCRab+ ‘uncon-
ventional’ iIELs, because the origin and development of other
TCRab+ T cells in general, with progression from CD4CD8
(DN) to CD4+CD8+ DP and the required signaling events after
TCRab expression, have been largely elucidated. How mature
DN TCRab+ cells are selected and the sequence of their devel-
opmental process, e.g., whether they bypass or transit through
a DP stage, have not been directly elucidated.
Some studies have suggested extrathymic origins based on
the presence of unconventional iIELs in nude mice, and their
expression of ‘‘forbidden’’ TCRb chains that are usually removed
by mouse mammary tumor virus-encoded superantigen medi-
ated clonal deletion in the thymus (Guy-Grand et al., 1992;
Poussier and Julius, 1994; Rocha et al., 1991). Further, transfer
of lineage-negative cells from cryptopatches of nude mice
into irradiated SCID mice generated unconventional iIELs but
not splenic T cells (Saito et al., 1998). However, the thymus
clearly plays a role because nude mice have drastically reduced
numbers of unconventional iIELs.
Other studies have searched for putative thymic precursors by
cell transfers into congenic recipients, but have come to different
conclusions. In one study, DN2 and DN3 thymocytes intrave-
nously transferred into thymectomized Rag2/Il2rg/ mice
gave rise to unconventional iIELs suggesting that the iIEL precur-
sor might leave the thymus at the DN stage (Lambolez et al.,
2006). In other studies, transfer of TCRabDPhi thymocytes
that stained with thymus leukemia antigen (TL)-tetramers spe-
cific for CD8aa homodimers (termed triple-positive [TP]) intoImmunity 41, 219–229, August 21, 2014 ª2014 Elsevier Inc. 219
Immunity
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(Gangadharan et al., 2006). Because these results rely on cell
transfers into lymphopenic recipients, it is unclear whether these
pathways are functional in a lymphoreplete mouse. A more
recent study transferred thoracic duct lymphocytes from Rag-
GFPmice into unirradiated recipients and revealed the presence
of unconventional iIEL precursors with a naive CD62Lhi DN
TCRab+ phenotype, therefore implying that some unconven-
tional iIELs are primed and acquire effector phenotype in the
periphery (Guy-Grand et al., 2013). These different conclusions
could be reconciled if there existed different pathways that
are selectively recapitulated by the different experimental ap-
proaches. Alternatively, low-efficiency cell transfers may not be
a reliable method for identifying rare iIEL precursors.
Several studies have suggested that the unconventional iIEL
lineage might be induced, at least in part, through encounter of
agonist antigens in the thymic environment (Leishman et al.,
2002; Levelt et al., 1999; Pobezinsky et al., 2012; Rocha et al.,
1992; Yamagata et al., 2004). Such agonist signaling has been
firmly demonstrated for other lineages such as natural killer T
(NKT) cells and T regulatory (Treg) cells through direct studies of
TCR signaling in thymic developmental intermediates (Moran
et al., 2011; Seiler et al., 2012). In the case of unconventional iIELs,
agonist signaling was inferred from examples of TCR transgenic
systems where transgenic expression or exogenous addition of
the agonist ligand resulted in the differentiation of DN cells with
an activated cytolytic effector phenotype and innate properties
similar to that of unconventional iIELs. However, the relevance of
these studies was challenged on two grounds. First, the TCRs
examinedwere not cloned fromunconventional iIELs but frompe-
ripheral CD4+ or CD8+ T cells. Second, premature expression of
TCRab, which is observed in most transgenic systems, invariably
leads to the differentiation of a population of ‘‘lineage-confused’’
gd-like DN cells, which would be at least partially unresponsive
to agonist antigen due to the absence of coreceptor expression.
These lineage-confused cells could be activated in the thymus
or in the periphery and home to the gut. For example, premature
expression of the HY TCR in transgenic male mice generated
abundant unconventional iIEL-like cells, but delayed expression
of the HY TCR until the DP stage of development decreased their
number 50- to 100-fold (Baldwin et al., 2005). Even in the absence
of agonist ligand, most TCR transgenic mice with premature
expression of TCRa contain populations of gut-seeking DN
T cells, which are capable of upregulating CD8aa homodimers in
some conditions (Bruno et al., 1996; Fritsch et al., 1998; Terrence
et al., 2000). This experimental artifact could be readily corrected
by delaying TCRa chain expression to the DP stage, using aCd4-
driven Cre-lox system (Baldwin et al., 2005). In fact, two elegant
approaches using the same Cd4-driven Cre-lox system to delete
Rag or to fate-map iIELs have independently supported the
conclusion that TCRa rearrangement in unconventional iIEL pre-
cursors occurred after CD4 gene expression and that all uncon-
ventional iIELs, but not, for example, their TCRgd+ counterparts,
have gone through a CD4-expressing stage (Eberl and Littman,
2004; Hendricks and Fink, 2009).
The nature of the thymic ligands of unconventional iIELs is un-
known, although TCRs specific for both classical and nonclas-
sicalMHCclass I have been suggestedby studies ofmice lacking
both H-2Kb and Db, or lacking b2-microglobulin, respectively,220 Immunity 41, 219–229, August 21, 2014 ª2014 Elsevier Inc.which displayed increasing defects in iIEL frequencies (Das and
Janeway, 1999; Gapin et al., 1999; Park et al., 1999). Class II
ligands have also been inferred from studies of mice expressing
mouse mammary tumor retroviral superantigens (Pobezinsky
et al., 2012). In these mice, ‘‘forbidden’’ superantigen-reactive
Vb-expressing clones accumulated amongunconventional iIELs,
a process increased by deletion of B7 ligands or their CD28
receptor, suggesting that this ligand-receptor pair increased
thymic deletion of superantigen-reactive thymocytes and im-
plying that unconventional iIELs might include the progeny of
thymocytes recognizing mouse mammary tumor virus (MMTV)-
encodedsuperantigens presentedbycells lacking costimulation.
In contrast with previous reports, we examined the fate of
thymocytes expressing TCR of natural unconventional iIELs.
We utilized TCR expression methods that allowed for proper
TCR expression kinetics. Further, we made use of mixed bone
marrow chimeras where transgenic cells were diluted with
wild-type cells to minimize the spurious development of uncon-
ventional iIELs in monoclonal environments. We found that
TCRs cloned from unconventional iIELs consistently and
selectively gave rise to unconventional iIELs. We identified
their thymic developmental pathway, going from a classical
DPhiTCRab precursor to a peculiar DPloTCRab+ cell expressing
high amounts of CD69, PD-1, Egr2, and Nur77, the hallmarks of
thymocytes undergoing elevated TCR signaling. Furthermore, a
large fraction of these signaled cells underwent Bim- and cas-
pase 3-mediated deletion, whereas those that survived acquired
key aspects of unconventional iIEL lineage differentiation first in
the thymus, then in the periphery. Because the DPloPD-1hi
phenotype has been previously associated with conventional
DP thymocytes undergoing negative selection, we cloned
TCRab directly from the accumulated population of DPloPD-1hi
thymocytes in Bcl-xL transgenic mice and found that they
consistently induced the unconventional iIELs lineage differenti-
ation when transgenically expressed in thymocytes. Thus, we
conclude that unconventional iIEL arise from the general popula-
tion of thymocytes undergoing negative selection and clonal
deletion by self-ligands expressed in the thymus.
RESULTS
TCR Specificity Directs Unconventional
iIEL Development
To facilitate cloning of iIEL TCRs, we fixed the TCRb chain by
using one of two different TCRb transgenes, an approach that
facilitates TCR repertoire analysis by restricting TCR diversity
to the TCRa chain, while preserving the frequency and function
of unconventional iIELs and the diversity of their TCRa repertoire
(Figures 1A–1C). Note that, as reported, each mouse harbors
one or two expanded iIEL clones that can mask the underlying
diversity of the TCR repertoire (Regnault et al., 1994). Using
this approach, we cloned multiple Va2+ TCR from unconven-
tional iIELs and, as a control, conventional iIELs, and forced their
expression in wild-type thymocytes using several different ap-
proaches (Table 1).
First, we found that, under conditions of premature TCRa
transgenic expression, both conventional (C-series) and uncon-
ventional (U-series) iIEL TCRs generated substantial populations
of CD4CD8TCRab+ DN thymocytes, splenocytes, and iIELs
A B
C
Figure 1. TCRb-Transgenic Mice Express
Normal Populations of Conventional and Un-
conventional iIELswith Diverse TCRaChains
(A) Absolute numbers of conventional and
unconventional TCRab+ iIELs in individual mice of
indicated genotypes, including two different Vb
transgenic strains.
(B) Phenotype of conventional and unconventional
iIELs in representative mice as indicated. Data
representative of two experiments.
(C) Pie charts representing Va2+ TCR diversity in
conventional and unconventional TCRab+ iIELs
sorted from wild-type Vb8+ iIELs or from Tg Vb7+ or
Tg Vb8+ iIELs. A pie represents an individual
mouse, where each slice corresponds to a different
TCR Va2 sequence and the size of the slice is
proportional to the relative frequency of the
sequence. The large expanded clones in individual
mice expressed different TCRs. Data combined
from six experiments.
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findings confirm a recent report and underlie why past TCR trans-
genic approacheswerenot appropriate to study iIELdevelopment
(Baldwin et al., 2005). Despite this ‘‘DN artifact,’’ however, we
could already discern that the two classes of TCRs were associ-
ated with radically different developmental pathways. Unconven-
tional iIEL TCRs induced a DPlo population in the thymus, without
generating classical DPhi cells or any CD4+ or CD8+ SP cells. In
contrast, conventional iIEL TCRs generated DPhi but not DPlo thy-
mocytes and a ‘‘conventional-like’’ population of CD8ab T cells in
thymus, spleen, and (to a variable extent) in the intestinal epithe-
lium (Figure 2A, compare C2-Tg and U1-Tg).
To avoid premature TCR expression, we used conditional
transgenic (Tgcond) or retroviral (RVcond) systems to express the
TCRa chain under the control of a Cd4-driven Cre-lox system.
Furthermore, to avoid artifacts associated with monoclonal
T cell populations, we examined mixed bone marrow chimeras
inwhich cells expressing the iIELTCRswere competingwith con-
genically marked wild-type (non-Tg non-RV) cells. Under these
stringent conditions, TCRs fromconventional CD8ab iIELs exclu-
sively induced the maturation of naive CD8ab T cells in thymus
and spleen, without CD4CD8b cells (Figure 2A, C5-Tgcond
chimera; Figure S1). In addition, they often induced a small pop-
ulation of conventional CD8ab iIELs, consistent with the notion
that these cells originate from naive CD8 T cells and might
encounter antigen in the gut environment (Sheridan and Lefran-
c¸ois, 2011). In contrast, unconventional iIEL TCRs exclusively
induced a DPlo phenotype in the thymus and led primarily to theImmunity 41, 219–22generation of CD4CD8b/lo cells found
in spleen and intestinal epithelium (Fig-
ure 2A, U1-Tgcond chimera and U5-RVcond
chimera; Figure S1). These cells had all
the characteristics of unconventional
iIELs, including expression of high
amounts of the IL-2 receptor b (IL2Rb)
CD122, NK-lineage markers such as 2B4
and Ly49, CD160, granzyme B, and the
transcription factor Tbet, as well as a par-
tial downregulation of the surface receptorThy1 (Figure 2B). They also variably expressed CD8a, but with
low or undetectable CD8b. These results were confirmed more
broadly by examining 12 different TCR cloned from either con-
ventional or unconventional iIELs, demonstrating the exquisite
contribution of TCR specificity in directing unconventional iIEL
development (Figure 2A and data not shown).
Thymic Precursors of Unconventional iIELs Undergo
Strong TCR Signaling and Massive Apoptosis
The DPlo phenotype associated with unconventional iIEL TCRs
was reminiscent of that of autoreactive DP thymocytes undergo-
ing Bim-mediated negative selection as described in multiple
systems (Bouillet et al., 2002; Kreslavsky et al., 2013; McCaugh-
try et al., 2008; Stritesky et al., 2013). Indeed, we found that DP
thymocytes expressing unconventional iIEL TCRs exhibited hall-
marks of elevated TCR signaling, including increased amounts
of CD69, CD5, PD-1, Egr2, Nur77, and Bim as compared with
those expressing conventional iIEL TCRs or nontransgenic
TCRs (Figure 3A). Consistent with elevated Bim expression,
they also had increased active caspase-3 and increased staining
with annexin-V, suggesting ongoing apoptosis (Figure 3B). Using
continuous BrdU labeling in vivo, wemeasured a turnover time of
3 days for the population of U1-TgcondTCR+CD69+ ‘‘signaled’’
thymocytes, which, combined with their absolute number of
9 3 106, allowed us to measure a turnover rate of 3 3 106 cells
per day, contrasting with 0.1 3 106 thymic emigrants enumer-
ated by examining all peripheral tissues, including gut, 24 hr after
intrathymic injection of biotin (Figure 3C). Wild-type signaled9, August 21, 2014 ª2014 Elsevier Inc. 221
Table 1. Description of TCRs Used
TCR Vb Va Ja Junction Sequence
Expression Method
Tg Tgcond RVcond1 RVcond2
Conventional
C1 7 TRAV14D-3/DV8 52 CAVPNTGANTGKLTF +   
C2 7 TRAV14D-3/DV8 37 CAAPGNTGKLIF +   
C3 7 TRAV14-2 45 CAASDKTEGADRLTF +   
C4 7 TRAV14-2*02 22 CAVASSGSWQLIF + +  
C5 7 TRAV14D-1 32 CAASEIYGSSGNKLIF + +  
C6 8 TRAV14-1 50 CAAGASSSFSKLVF   + 
Unconventional
U1 7 TRAV14D-1 23 CAASEGYNQGKLIF + +  
U2 7 TRAV14D-1 30 CAARAYKVIF +   
U3 7 TRAV14D-1 43 CAANWNNNAPRF +   
U4 7 TRAV14-1 49 CAASAGSYCTGYQNFYF + +  
U5 8 TRAV14D-3/DV8 26 CAASYNYAQGLTF   + 
U6 8 TRAV14D-1 52 CAASGGTGANTGKLTF   + 
Negative Selection
NS1 7 TRAV14D-3/DV8 56 CAASSCRGGNNKLTF   + 
NS2 7 TRAV14-2 23 CAGGRNYNQGKLIF   + 
NS3 7 TRAV14-2 48 CAASAGGCGNEKITF   + 
NS4 7 TRAV14D-3/DV8 30 CAASGCTNAYKVIF    +
NS5 7 TRAV14D-3/DV8 11 CAASEPGYNKLTF    +
NS6 7 TRAV14D-3/DV8 9 CAAPNMGYKLTF    +
NS7 8 TRAV14-1 7 CAASSYSNNRLTL    +
NS8 8 TRAV14-1 15 CAASRGGRALIF    +
NS9 8 TRAV14-1 49 CAANTGYQNFYF    +
Information on each TCR used includes the Vb transgenic strain from which it was isolated, the Va2 (TRAV14) subfamily, the Ja gene, the sequence of
the junction between Va and Ja, and the expression method. C-series TCRs are from conventional CD8ab+TCRab+ iIELs; U-series TCRs are from
unconventional CD4CD8bTCRab+ iIELs; NS-series TCRs are from DPloTCRabhiPD-1hi thymocytes of Bcl-xL transgenic mice. RVcond1 has an
IRES-tailless human CD4 and RVcond2 has an IRES-Thy1.1.
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a thymic emigration rate of 0.83 106 cells per day. These calcu-
lations suggest a massive thymic deletion rate of 97% after
signaling by unconventional iIEL TCRs, contrasting with little
deletion for conventional TCRs. Furthermore, the DPlo cells failed
to incorporate BrdU after a short pulse, indicating that apoptosis
occurred in the absence of cell division.
The thymic attrition rate after TCR signaling could be due to
a cell-intrinsic mechanism or to a cell-extrinsic requirement for
a limited amount of survival factors or ‘‘niche’’ space. In bone
marrow chimeras where thymocytes expressing the unconven-
tional iIEL TCRab were mixed at low frequencies with wild-type
cells, the deletional phenotype and the generation of unconven-
tional iIELs were fully preserved, even at a low ratio of 1:1,000
(Figure 3D), confirming the cell-intrinsic nature of this pathway
and ruling out, for example, the type of cell-extrinsic competition
effects reported for the generation of regulatory T cells (Bautista
et al., 2009; Leung et al., 2009; Malchow et al., 2013).
Clonal Deletion Limits the Maturation and Export of
iIEL Precursors
To further demonstrate that intrathymic apoptosis was limiting
export of unconventional iIEL precursors, we reduced the rate222 Immunity 41, 219–229, August 21, 2014 ª2014 Elsevier Inc.of apoptosis by introducing a Bcl-xL transgene or Bim mutated
alleles, which increased the frequency of mature thymocytes
expressing CD122 and the intestinal homing integrin a4b7
(Figure 4A) as well as increased over 20-fold the numbers of
unconventional iIELs (Figure 4B). Importantly, non-TCR trans-
genic mice expressing a Bcl2l1 (Bcl-xL) transgene or Bcl2l11
(Bim) mutated alleles also had increased TCRab+ unconven-
tional iIELs, although the number of TCRgd+ iIELs was notably
unaffected (Figure 4B).
To directly characterize the rare cells emerging from the
massive thymic deletion, we injected biotin intrathymically and
analyzed the phenotype of streptavidin-bound recent thymic
emigrants 24 hr later. Most were found in the spleen, where
they expressed a CD4CD8b phenotype, had largely downre-
gulated CD62L, and had increased expression of the intestinal
homing integrin a4b7, CD122, CD160, and 2B4 (Figures 4C
and 4D). Of note, once in the iIEL compartment, 2B4 was ex-
pressed in higher amounts while a4b7 was downregulated
compared with the splenic RTE, suggesting that whereas thymic
selection drives the acquisition of a portion of the effector
phenotype of unconventional iIELs, further maturation unfolds
or occurs in a stepwise manner in the periphery. In summary,
we conclude that, like autoreactive thymocytes undergoing
AB
Figure 2. Distinct TCRs Direct Unconventional iIEL Development
(A) Left: Flow cytometry of thymic, splenic, and intestinal lymphocyte populations, gated as indicated, from WT littermate and various TCR Tg, TCR Tgcond, and
TCR RVcond mice. Conditional (cond) expression of Tg- or RV-encoded TCRa chain was controlled by Cd4-Cre. C-series and U-series TCRs were isolated from
conventional and unconventional TCRab+ iIELs, respectively. In chimeras, the FACS profiles are further gated on cells expressing the Tg- or RV-encoded TCR.
Right: Summary of lymphocyte populations in thymus, spleen, and iIELs as labeled to the left induced by various C-series and U-series TCRs generated with a Tg
expression vector (prematurely expressed) or with a conditional vector activated byCd4-Cre, Tgcond. Open circles denote individual mice from a second founder
line for a given TCR. SP denotes CD4+ or CD8+ single-positive cells. p values were calculated by Student’s t test.
(B) Comparison of unconventional iIELs from WT and U6-RVcond mice. Dotted line is unstained or isotype control. Data are representative of 33 experiments
involving 12 different TCRs (6 conventional and 6 unconventional).
See also Figure S1.
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exhibited the hallmarks of elevated signaling and massive
apoptotic cell death in the absence of cell division. A small pro-
portion of these cells, however, were consistently rescued and
survived to acquire a typical CD4CD8b iIEL program and
selectively populate the intestinal epithelium.
Recognition of MHC Class I or Class II Ligands in the
Presence of CD8 or CD4 Cause Thymic Deletion
To test whether thymic deletion was a consequence of inter-
action with MHC ligands, we used in vitro and in vivo assays.
In vitro, we incubated DPhi thymocytes, purified based on
their ‘‘unsignaled’’ Va2CD69PD-1 phenotype, with spleen
cells from wild-type, H2-Ab1/, B2m/, or H2-Kb/Db/
mice. Figure 5A shows that U1-Tgcond thymocytes adopted a
CD69hiPD-1hi phenotype in the presence of WT and MHC class
I-deficient spleen cells but not in the presence of MHC class
II-deficient cells. Conversely, in vivo, the DPloCD69hiPD-1hi
phenotype of U1-Tgcond thymocytes was specifically lost in theabsence of their corresponding MHC II ligand and reverted to
a DPhiCD69PD-1 phenotype typical of ‘‘unsignaled’’ thymo-
cytes, without generation of single-positive cells (Figure 5B).
Thus, we conclude that the U1 TCR exhibits autoreactivity to
MHC class II-restricted ligands. In contrast, in the case of the
U4-Tgcond DPhi thymocytes cultured with wild-type and MHC-
deficient spleen cells, we found autoreactivity specifically to
classical MHC class I ligands (Figure 5A). Furthermore, autor-
eactivity to MHC class II or class I ligands was inhibited by
anti-CD4 or anti-CD8a antibodies, respectively (Figure 5A).
Thus, the DPloCD69hiPD-1hi phenotype could be induced after
corecognition of either MHC class I or class II ligands by uncon-
ventional iIEL TCRs in the presence of corresponding CD8 or
CD4 coreceptors.
TCRs Isolated from Thymocytes Undergoing Negative
Selection Induce Unconventional iIEL Development
We next asked whether the induction of unconventional









Figure 3. Thymic Precursors of Unconventional iIELs Undergo Strong TCR Signaling and Massive Apoptosis
(A) Left: Analysis of markers associated with TCR signal strength in TCRablo and TCRabhi thymocytes of WT littermate and Tgcond mice expressing a conventional
(C5) or unconventional (U1) TCR. Data are representative of at least five independent experiments. Right: Summary plots of replicate experiments in different TCR
Tg or RVmice, chimeras, or mixed chimeras showing themean fluorescence intensity (MFI) of surface CD5 and PD-1 on TCRab+CD69+ thymocytes frommice of
indicated genotypes. For WT and Tgcond experiments, filled circles denote data derived from mixed chimeras and open circles denote data from WT or Tgcond
mice. For RVcond experiments, filled circles denote data from mixed chimeras and open circles denote data from straight chimeras. p values were calculated by
Student’s t test.
(B) The percentage of Annexin V+ cells after different times of culture and the percentage of active caspase 3+ cells directly ex vivo among TCRab+ thymocytes are
shown for indicated strains, with each dot representing an individual mouse, assayed in two to four independent experiments.
(C) BrdU incorporation among signaled (TCR+CD69+) thymocytes from U1-Tgcond or WT littermate under continuous administration of BrdU. Calculated turnover
rates are shown. Thymic emigrant numbers (mean ± SEM) in different organs of U1-Tgcond or WT littermate measured 24 hr after intrathymic injection of biotin.
Abbreviations are as follows: PLN, peripheral lymph nodes; MLN, mesenteric lymph nodes; LPL, small intestine lamina propria lymphocytes. Data pooled from
two to three independent experiments.
(D) DPlo induction by unconventional U1 and U4 iIEL TCRs at low Tg cell frequency. Top: Representative dot plots in mixed chimeras with various U1:WT ratios.
Bottom: Summary plots with dotted lines representing the average for WT or iIEL TCRs.
Immunity
A Thymic Precursor to Unconventional iIELsof autoreactive TCRs or was a property of most autoreactive
TCRs. To examine natural autoreactive TCRs, we sorted
DPloTCRabhiPD-1hi thymocytes from Bcl-xL transgenic mice
where this population is markedly increased due to delayed
apoptosis (Figure 6A; Chao et al., 1995). After cloning of individ-
ual TCRs and generation of conditional retroviral chimeras, we
observed that nine out of nine TCRs (termed NS1–NS9, see
Table 1) induced a DPlo phenotype with the hallmarks of elevated
TCR signaling in the thymus of wild-type mice (Figures 6B and
6D). Detailed in vitro analysis of NS7 and NS9 demonstrated
that the DPlo phenotype for these TCRs was dependent on224 Immunity 41, 219–229, August 21, 2014 ª2014 Elsevier Inc.recognition of MHC class I (data not shown). When the selecting
MHCwas present, a fraction of T cells expressing these ‘‘deletio-
nal’’ TCRs survived and differentiated in sufficient numbers to
fully and selectively repopulate the pool of unconventional iIELs
with characteristic downregulation of the T cell marker Thy1 (Fig-
ures 6B–6D). In contrast, T cells expressing a conventional iIEL
TCR selectively repopulated the CD8ab T cell pool when exam-
ined side-by-side with deletional T cells in competitive bone
marrow chimeras. Altogether, these results demonstrate that




Figure 4. Clonal Deletion Limits the Matura-
tion and Export of iIEL Precursors
(A) Bim mutation rescues iIEL DN thymocytes
(circled) with a CD122hia4b7hi phenotype.
(B) Number of TCRgd+ or TCRab+ unconventional
iIELs from WT littermate or Bcl-xL transgenic or
Bim-deficient mice.
(C and D) Phenotype of recent thymic emigrants
(RTE) in the spleen (C) or spleen and iIEL (D) of WT
littermate and U1-Tgcond mice. Dotted line is iso-
type control.
Representative of two (A, C, D) or four (B) inde-
pendent experiments.
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This study reveals that, in addition to clonal deletion, an unex-
pected but consistent outcome of negative selection for DP
thymocytes expressing a wide range of MHC class I- or MHC
class II-autoreactive TCRab consists of differentiation into uncon-
ventionalCD4CD8b iIELs.Our resultsdemonstrate that thepre-
cursors tounconventional iIELscorrespond largely toapopulation
of TCRab+ thymocytes defined by a DPlo phenotype and display-
ing signs of elevated TCR signaling, including high amounts of
CD69, CD5, PD-1, Egr2, and Nur77, as well as increased expres-
sion of the proapoptotic factors, Bim, and activated caspase 3.Immunity 41, 219–22This population originates from TCRab
DPhi thymocytes and immediately follows
TCR expression and engagement by
agonist self-ligands presented by MHC
class I or class II molecules in a corecep-
tor-dependent manner.
At a single-cell clonal level, the out-
come of self-antigen encounter in the
thymus seems to play out in a probabi-
listic manner, with a greater likelihood of
undergoing deletion, but also with a sig-
nificant opportunity to survive and differ-
entiate into unconventional iIELs. In fact,
given that Bim is induced downstream
of TCR signaling and that its deletion
in Bim-deficient thymocytes was suffi-
cient to considerably increase the rate of
survival of thymocytes expressing an indi-
vidual autoreactive TCR as well as their
conversion into iIELs, the decision be-
tween deletion or iIEL differentiation may
be related in part to the amount of Bim
reached in a particular cell and perhaps
therefore to the intensity of TCR signaling.
The relationship between this signaled
precursor and earlier TCRab DP thymo-
cytes expressing CD8aa homodimers
(so-called TP) is unclear (Gangadharan
et al., 2006). TP cells do not express a
surface TCR but they have previously
been suggested to selectively generate
iIELs upon intrathymic transfer, perhaps
because CD8aa homodimers would
modify TCRsignaling in someway bybinding to TL ligands (Gang-
adharan et al., 2006). However, neither TL-deficient mice nor
CD8a-deficient mice (data not shown) exhibited obvious alter-
ations of their unconventional iIEL population (Olivares-Villago´-
mez et al., 2008). Therefore, although our results do not address
the previous suggestion of an unsignaled TP precursor, they
unambiguously identify the committed unconventional iIEL pre-
cursor to be the DPloPD-1hi thymocyte that expresses an autor-
eactive TCR and has been signaled by the corresponding agonist
thymic self-ligands. Our results are in agreement with previous
work that identified a population of TCRab+ DN thymocytes
sensitive to CD28-mediated negative selection that were able to9, August 21, 2014 ª2014 Elsevier Inc. 225
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Figure 5. Recognition of MHC Class I or
Class II Ligands Cause Thymic Deletion
(A) U1 and U4 TCR signaling after culture of puri-
fied Va2CD69PD-1 thymocytes for 48 hr in the
presence of splenocytes fromWT or various MHC-
deficient mice, or with blocking anti-CD4 or CD8a
antibodies, as indicated.
(B) Frequency of DPlo and intensity of TCR
signaling (estimated by CD5 and PD-1) in U1-
Tgcond thymocytes in WT versus C2ta/ back-
ground. Representative of four independent
experiments.
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A Thymic Precursor to Unconventional iIELsselectively generate unconventional iIELs upon transfer (Pobezin-
sky et al., 2012). However, that study did not directly demonstrate
that precise TCR sequences taken from the rescued DN thymo-
cytes were found in the unconventional iIELs of WT mice and it
did not test the prediction that forced expression of B7 ligands
in the thymus should remove all unconventional iIELs. Neverthe-
less, the availability of B7:CD28 costimulation for a given antigen
encounter on select thymic cells is an attractive candidate mech-
anism that might modulate the rate of negative selection versus
diversion for a particular autoreactive thymocyte.
Our results help to explain a number of findings reported previ-
ously. For example, despite their innate-like properties, uncon-
ventional iIELs fail to display a conserved semi-invariant TCR,
as in other innate TCRab+ lymphocytes such as NKT cells or
mucosal-associated invariant T (MAIT) cells, but in fact express
a broad polyclonal repertoire, which is masked in part by clonal
expansions linked to microbiota exposure in the intestinal envi-
ronment (Regnault et al., 1996; Treiner and Lantz, 2006). This
large TCR repertoire is consistent with the iIEL origin from the
broad pool of DPloPD-1hi autoreactive thymocytes which is reac-
tive to a range of MHC ligands, including MHC class II and both
classical and nonclassical class I. Our results are also consistent
with studies suggesting that thymocytes bearing transgenic TCR
cloned from conventional T cells and exposed to agonist ligands
added as transgenes in vivo or exogenous peptides in vitro could
in some cases differentiate into unconventional iIEL-like cells
(Leishman et al., 2002; Levelt et al., 1999; Yamagata et al.,
2004), although, as demonstrated by others and confirmed in
this study, these studieswere systematically confounded by pre-
mature expression of TCRa chain, which in and by itself, in the
absence of agonist ligand, is sufficient to drive the CD4CD8b
lineage. The finding that agonist signaling drives unconventional
iIELdevelopment is also consistentwith the report thatmice lack-
ing store-operated calcium flux due to loss of stromal interaction
molecule 1 (STIM1) and STIM2 show defective NKT cells and226 Immunity 41, 219–229, August 21, 2014 ª2014 Elsevier Inc.Treg cells but also unconventional iIELs
(Oh-Hora et al., 2013). Although each of
these agonist pathways operate between
the classical positive and negative selec-
tion schemes, they rely ondistinct compo-
nents of TCR signaling. For example, Egr2
and nerve growth factor IB (Nur77) are
highly expressed in all DPlo precursors
but iIELs do not upregulate the corre-
sponding target genes Plzf and forkhead
box P3 (Foxp3) (not shown), which char-acterize the NKT and Treg cell lineages, respectively. Nur77 is
also highly expressed in NKT precursors without induction of
Foxp3 (Lee et al., 2013). These rapidly emerging observations
suggest that additional aspects of signaling are intricately but
differentially involved in the generation of distinct agonist-
selected lineages. Furthermore, little negative selection and
considerable cell division are observed after NKT cell precursor
signalingwhereas iIEL precursors exhibit a high rate of apoptosis
without cell division (Bendelac et al., 2007).
The identification of a DPloPD-1hi precursor, itself originating
from TCRabDPhi thymocytes, is also consistent with genetic
studies demonstrating that unconventional iIELs develop
through a stage where the Cd4 promoter is active. Our results
do not, however, rule out other mechanisms of iIEL develop-
ment, although the consistent outcomes observed from the
random sampling of a total of 21 different TCRs of different intra-
epithelial or intrathymic origin isolated from 2 different TCRb
transgenic lines suggest that these alternative pathways must
be rare. For example, a recent study analyzed the cells found
in thoracic duct lymph and found that naive CD62Lhi T cells ex-
iting the thymus recirculated through blood and lymphatics
before they acquired the effector program in the intestinal envi-
ronment (Guy-Grand et al., 2013).
There is a striking overlap in phenotype between TCRgd+
and TCRab+ unconventional iIELs, which has led some to sug-
gest that they share common developmental themes (Denning
et al., 2007; Pennington et al., 2003). However, these popula-
tion-level analyses did not focus on the most prevalent TCRgd+
iIEL subset, which expresses Vg7+ TCRs; this has led to several
confusing and contradictory results. Specifically, one group
claimed the effector program of TCRgd+ iIELs was acquired in
the thymuswhile another suggested it happened in the periphery
(Lin et al., 1999; Pennington et al., 2003). The first study analyzed
bulk populations whereas the second study used irrelevant
TCRs such as the G8 TCRgd that was derived from an
A C
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Figure 6. NS-TCR Isolated from Thymocytes
Undergoing Negative Selection Induce the
Development of Unconventional iIELs
(A) The strategy for isolation of NS-TCR from
thymocytes undergoing clonal deletion is based on
the sorting of DPloTCRabhiPD-1hi cells that are
rescued in the Bcl-xL Tg thymus.
(B) Head-to-head comparison of the thymic,
splenic, and iIEL populations induced by a dele-
tional thymocyte TCR (NS5) and a conventional iIEL
TCR (C6) within the same mixed (NS5-RVcond:C6-
RVcond) chimera. A WT mouse is shown for com-
parison. The rightmost column shows the fraction of
TCR+ cells in each tissue that are derived from the
NS5 versus C6 TCR.
(C) Selective downregulation of Thy1 in NS5-
derived iIELs.
(D) Summary of thymic, splenic, and iIEL pop-
ulations (labeled to the left of B) induced by nega-
tively selecting TCR NS1 through NS9.
Data are representative of two (A and C) or nine (B)
independent experiments. p values by Student’s t
test.
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A Thymic Precursor to Unconventional iIELsalloreactive clone isolated from the peripheral lymph node of a
nude mouse (Bluestone et al., 1988). A careful study focusing
on iIEL-relevant Vg7+ TCRs revealed that TCRgd+ iIEL precur-
sors exited the thymus as naive before being primed in the
Peyer’s patch (Guy-Grand et al., 2013). Here, we observed that
the acquisition of the effector phenotype of unconventional
TCRab+ iIEL precursors began in the thymus. Further, we
demonstrated that the absolute number of TCRgd+ iIELs was un-
affected by overexpression of Bcl-xL or deletion of Bim whereas
unconventional TCRab+ iIELs expanded. Thus, although the
functional programs ofmature TCRab+ and TCRgd+ iIELs appear
very similar, the developmental pathways and requirements may
differ significantly.
It is significant that both CD4 and CD8 coreceptors are down-
regulated in the developmental process, thereby reducing the
avidity of interaction with self-ligands in the periphery, as directly
shown here. Furthermore, other studies have shown that, after
maturation, unconventional iIELs responded poorly to TCRab
stimulation but strongly to cytokines such as IL-12, IL-18, and
IL-15 and to NK receptor ligands (Guy-Grand et al., 1996;
Wencker et al., 2014). These striking properties suggest that,
although TCR autoreactivity is required to drive lineage differen-
tiation of unconventional iIELs in the thymus, a radical change en-
sues whereby the mature progeny shifts to an innate mode of
recognition by expressing the set of NK receptors and cytokine
receptors that characteristically activate unconventional iIELs inImmunity 41, 219–22the intestinal environment, allowing this
unusual lineage to become an integral
component of the crosstalk between mi-
crobes, diet, and intestinal epithelium.
EXPERIMENTAL PROCEDURES
Mice
WT or mutant mice were purchased from Jackson
Laboratories or Taconic. TCR Vb7 transgenic
mice were previously described and maintainedin our colony (Savage et al., 2011). See also Supplemental Experimental
Procedures.
TCR Transgenic Constructs
TCRa and TCRb transgenic mice were generated using previously described
constructs (Kouskoff et al., 1995). Conditional transgenic mice were generated
using a construct from Hogquist et al. (Baldwin et al., 2005). The construct for
generating conditional retrovirus was previously described (Turner et al.,
2010). See also Supplemental Experimental Procedures.
Antibodies and Flow Cytometry
Fluorochrome- or biotin-conjugated monoclonal antibodies from commercial
vendors were used before analyzing samples on an LSRII (Becton Dickinson)
or sorting on a FACSAria (Becton Dickinson). Data were analyzed using FlowJo
(Tree Star). See also Supplemental Experimental Procedures.
Retrovirus Production, Infection, and Chimera Generation
Conditional retrovirus was produced using PLAT-E cells after cloning TCRa to
a previously described construct (Morita et al., 2000; Turner et al., 2010). TCR
Vb7 or Vb8 transgenic Cd4-cre mice (usually also Tcra/) were injected with
5-Fluorouracil (APP Pharmaceuticals) 3 days prior to bone marrow harvest.
After harvest, bone marrow was cultured for 2 days in X-Vivo 10 (Lonza) sup-
plemented with 15% FCS, 1% penicillin/streptomycin, mouse SCF, mouse IL-
3, and human IL-6 (all from Biolegend). Stimulated cells were infected with
retrovirus in the presence of polybrene (EMD Millipore) by spinfection. After
24 hr of additional culture, bone marrow cells were stained with antibodies
against human CD4 or mouse Thy1.1, MACS-enriched (Miltenyi Biotec), and
injected into lethally irradiated recipient mice. See also Supplemental Experi-
mental Procedures.9, August 21, 2014 ª2014 Elsevier Inc. 227
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Relevant populations were sorted and TCR were sequenced as previously
described and analyzed using IMGT (Lefranc et al., 2009; Savage et al.,
2011). See also Supplemental Experimental Procedures.
Generation of Mixed Bone Marrow Chimeras
CD45.1 mice were lethally irradiated with 1,000 Rads from a gamma cell 40 irra-
diator with a cesium source. Irradiated mice were injected i.v. with a mixture of
CD3ε-depleted bone marrow cells isolated from Tgcond and CD45.1 congenic
mice at various ratios. Mice were analyzed at least 5 weeks after reconstitution.
Cell Proliferation and Turnover
For BrdU pulse, 1 mg of BrdU (Sigma-Aldrich) was injected i.v. 2 hr prior to
analysis. For turnover studies, BrdU was administrated in drinking water at
0.8 mg ml1 with 2% sucrose and changed daily. Cells were analyzed using
the APC BrdU Flow kit (BD Biosciences).
Thymic Emigration Assays
One or two lobes of the thymus were injected with 10 ml of a 0.5 mg ml1
solution of Sulfo-NHC-LC-Biotin (Thermo Fisher Scientific). See also Supple-
mental Experimental Procedures.
In Vitro Thymocyte Culture
For stimulation cultures, thymocyteswere depleted of CD3ε+ (or Va2+), CD69+,
and PD-1+ cells by AutoMACS to enrich for unsignaled DP thymocytes, which
were cultured with splenocytes fromWT or from different MHC-deficient mice
at a responder/stimulator ratio of 13 105/53 105 for 48 hr prior to analysis. For
Annexin V assays, thymocytes were isolated and cultured for 0, 2, or 4 hr in
RPMI-10% FCS at 37C.
Statistical Analysis
Statistical analysis was performed in Prism (Graph Pad Software) using the
unpaired t test. If the groups that were compared had significantly different
variances (p < 0.05 by F test), Welch’s correction was applied. *p < 0.05;
**p < 0.01; ***p < 0.001.
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Procedures and can be found with this article online at http://dx.doi.org/10.
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